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Abstract 

Intracerebral hemorrhage (ICH) is a devastating condition. Existing preclinical ICH models focus largely on striatum but 
neglect other brain areas such as ventricle, cortex, and hippocampus. Clinically, however, hemorrhagic strokes do occur in 
these other brain regions. In this study, we established mouse hemorrhagic models that utilize stereotactic injections of 
autologous whole blood or collagenase to produce ventricular, cortical, and hippocampal injury. We validated and 
characterized these models by histology, immunohistochemistry, and neurobehavioral tests. In the intraventricular 
hemorrhage (IVH) model, C57BL/6 mice that received unilateral ventricular injections of whole blood demonstrated bilateral 
ventricular hematomas, ventricular enlargement, and brain edema in the ipsilateral cortex and basal ganglia at 72 h. 
Unilateral injections of collagenase (150 U/ml) caused reproducible hematomas and brain edema in the frontal cortex in the 
cortical ICH (c-ICH) model and in the hippocampus in the hippocampal ICH (h-ICH) model. Immunostaining revealed cellular 
inflammation and neuronal death in the periventricular regions in the IVH brain and in the perihematomal regions in the c- 
ICH and h-ICH brains. Locomotor abnormalities measured with a 24-point scoring system were present in all three models, 
especially on days 1, 3, and 7 post-ICH. Locomotor deficits measured by the wire-hanging test were present in models of 
IVH and c-ICH, but not h-ICH. Interestingly, mice in the c-ICH model demonstrated emotional abnormality, as measured by 
the tail suspension test and forced swim test, whereas h-ICH mice exhibited memory abnormality, as measured by the novel 
object recognition test. All three ICH models generated reproducible brain damage, brain edema, inflammation, and 
consistent locomotor deficits. Additionally, the c-ICH model produced emotional deficits and the h-ICH model produced 
cognitive deficits. These three models closely mimic human ICH and should be useful for investigating the pathophysiology 
of ICH in ventricle, cortex, and hippocampus and for evaluating potential therapeutic strategies. 
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Introduction 

Intracerebral hemorrhage (ICH), one of the most damaging 
types of stroke, is associated with higli morbidity and mortality 
[1,2]. ICH most commonly affects the basal ganglia, but it can 
often occur in lobar regions, cerebellum, and brainstem sites [3]. 
In recent years, much progress has been made in our 
understanding of ICH-induced brain injury. The initial bleed 
and the physiologic response to hematoma cause the primary 
brain injury, and inflammation contributes to the progression of 
secondary brain injury [4-7]. One characteristic of brain 
inflammation is microglial activation [8], which occurs much 
earlier than neutrophil infiltration and acts as a major cellular 
mediator of secondary brain injury after ICH [4,7,9]. Astrocytes 
are also activated after ICH [4,5]. Despite these recent findings, 
the exact mechanisms of ICH-induced brain injury are still not 
fuUy known. 



Animal models that accurately mimic the complexity and 
heterogeneity of ICH in humans are essential for systematically 
studying the pathophysiology and treatment of ICH. Some of the 
methods used to model ICH in rodents and large animals include 
mechanical balloon inflation, thrombin, collagenase, and donor or 
autologous blood injection [5,10]. Rodents are most often used to 
model ICH [5,11]. Over the past decades, rat has been the most 
frequently used species for preclinical ICH studies [5]. However 
recently, mice have become favored for determining the cellular 
and molecular mechanisms of injury after ICH because of the 
growing applications of transgenic and knockout animals. 

Two models are primarily used to mimic clinical ICH in mice 
[4,11,12]. One is a collagenase model, in which injected 
collagenase causes vessel rupture and induces intracerebral 
bleeding. The second is the autologous whole blood model, in 
which injected blood is used to study blood toxicity. The 
coUagenase-induced ICH model was first introduced by Rosen- 
berg and colleagues in rats in 1990 [13]. We established and 
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characterized this ICH model in mice; in 2003 [14]. We and others 
went on to estabhsh the double autologous whole blood ICH 
model in mice [15,16]. Since then, we have used these two 
controllablf, reliable, and reproducible ICH models to investigate 
the pathophysiology of striatal ICH and to evaluate potential 
therapeutic targets [4]. However, both models have limitations 
and mimic only some features of clinical ICH [4,1 1,12]. 

To date, preclinical models of ICH have targeted striatum. Few 
animal studies have modeled ICH by targeting other sites, such as 
ventricle, cortex, and hippocampus. In fact, the cortex is the 
second most common brain region affected by ICH in humans [3], 
and damage to the frontal cortex causes emotional problems. 
Furthermore, intraventricular hemorrhage (IVH), which occurs 
from extension of thalamic and ganglionic bleeding into the 
ventricular space, is associated with high mortality. Hippocampal 
injury can also be debilitating because the hippocampus is 
necessary for memory formation [1 7] and damage to it can cause 
cognitive impairment. Behavioral tests arc- able to detect post- 
stroke functional deficits and are useful for studying functional 
recovery after ICH [5] . Most behavioral tests in rodents have been 
used to evaluate locomotor function after striatal ICH. Few tests 
evaluate damage to cortex and hippocampus by assessing 
emotional and cognitive impairment. 

Recently, researchers developed ICH models in rats by injecting 
autologous blood into the ventricle [18,19] or hippocampus [20]. 
Additionally, a cortical ICH (c-ICH) model was established in 
mouse by stereotactic injection of coUagenase into the right cortex 
[21]. Based on our extensive experience with striatal ICH models 
in mice [14,22-24], we have established protocols for mouse 
models of I\'H, c-ICH, and hippocampal ICII (li-ICH). We 
validated and characterized the ICH models by assessing 
ventricular volume, hematoma volume, brain edema, neuroin- 
flammation, neuronal death, and neurobehavioral deficits, includ- 
ing those related to motor function, emotion, and cognition. 

Materials and Methods 

Animals 

This study was carried out with male C57BL/6 mice (18-25 g, 
total n = 1 1 2) in strict accordance with the recommendations in 
the Guide for the Care and Use of Laboratory Animals from the 
National Institutes of Health. The animal protocol was approved 
by the Johns Hopkins University Animal Care and Use 
Committee (Approved protocol number: M012M111). Animals 
were housed under controlled laboratory conditions (12-h light/ 
dark cycle, controlled temperature and humidity, ad lib access to 
food and water). All efforts were made to minimize the number of 
mice used and any potential sulfering. 

Surgical procedure and experimental protocol 

Mice were placed into a tiean induction chamber and 
anesthetized by isoflurane (3-4'^) for induction and 1-2% for 
maintenance, Baxter Healthcare Co. Deerfield, IL) evaporated in 
an oxygen-air mixture (20%:80%). Throughout the experimental 
period, rectal temperature was maintained at 37±0.5°C by an 
electronic thermostat-controlled warming blanket (Stocking Co., 
Wood Dale, IL). Body temperature was maintained until animals 
completely recovered from anesthesia and displayed normal motor 
activity. After animals were returned to their home cages, they 
were monitored closely over the next 4 h and then daily for the 
rest of the study. 

For the IVH model, we randomly selected mice (n = 23) and 
placed them in a stereotaxic frame (Stoelting Co.) under isoflurane 
anesthesia. A 1 -cm-long midline incision was made in the scalp. 



beginning midway between the eyes and terminating behind the 
lambda. A cotton swab was used to clear away the soft tissue 
covering the skull. A Hamilton syringe was mounted onto the 
injection pump and the needle positioned directly over the bregma. 
The x, y, and z axis coordinates were all set to zero. The needle was 
then positioned at the entry point, 0.5 mm posterior and 1.0 mm 
lateral of the bregma to the right. A small cranial burr hole was 
drilled through the skull at the entry point. The mouse's tail was 
disinfected with 70% alcohol and immersed in warm, sterile water 
(40°C) for 2 min. After puncturing the central tail artery with a 
sterile needle (25 G), we collected blood onto a piece of Parafilm 
(Pechiney Plastic Packaging Co., Chicago, IL, USA) and then drew 
25 |xL into the Hamilton syringe. The needle was slowly inserted 
into the right ventricle to a depth of 2.5 mm below the surface of the 
skuU, and the blood was injected at a rate of 5 |iL/min. The needle 
was left in place for 10 min and then removed at a rate of 1 mm/ 
min to prevent the reflux of blood. The burr hole was filled with 
bone wax (Ethicon, Somervflle, NJ), and the scalp incision was 
closed with cyanoacrylate glue (Henkel Consumer Adhesive Inc. 
Scottsdale, Arizona). Sham control mice (n = 17) were injected with 
an equal volume of saline. 

For the c-ICH and h-ICH models, we used injections of 
coUagenase VII-S (sterile-filtered, high purity, Sigma-Aldrich, St. 
Louis, MO) dissolved in saline. Mice (n=19) were randomly 
selected and placed in a stereotaxic frame as in the IVH model. 
For the c-ICH model, we injected 0.4 [iL of coUagenase (150 U/ 
mL) into two injection sites of the right frontal cortex (Bregma 
coordinates: 0.0 mm anterior and 1.5 mm lateral and 1.0 mm 
anterior and 2.0 mm lateral; 1.6 mm ventral) [21]. The needle 
was left in place for 20 min after the first injection; then the second 
site was injected and the neecUe left in place for another 20 min. 
For the h-ICH model, we injected 0.2 [iL of coUagenase into the 
CAl region of the right hippocampus (Bregma coordinates: 
2.5 mm posterior, 1.7 mm lateral, and 1.8 mm ventral) [25]. The 
needle was left in place for 10 min before removal. Needles were 
removed from all injection sites at a rate of 1 mm/min. An equal 
volume of saline was injected into each site of sham control mice 
(n= 17). For detaUed, step-by-step instructions that describe each 
model, see Text SI. 

Hemorrhagic injury volume and ventricular volume 

On day 3 after ICH, five mice in each group were anesthetized 
and perfused intracardiaUy with 4% paraformaldehyde in 
0.1 mol/L phosphate-buffered saline (pH 7.4). The brains were 
removed, kept in 4% paraformaldehyde for 24 h, and then 
immersed in 30% sucrose for 72 h at 4°C. The entire brain of 
each mouse was cut into 50-|tm-thick sections with a cryostat. AU 
sections except for those from the IVH group were stained with 
Luxol fast blue (for myelin) and Cresyl violet (for Nissl bocUes). 
Sections from the IVH group were stained only with Cresyl violet. 
SigmaScan Pro software (version 5.0.0 for Windows; Systat, Port 
Richmond, C A) was used to quantify volumes of the ventricle and 
lesion. The volume of the ventricles in cubic mUlimeters was 
calculated according to a published method [26]. The volume of 
the lesion in cubic miUimeters was calculated by multiplying the 
thickness by the sum of the damaged areas of each section [14]. 
Sections were analyzed by an investigator blinded to the 
experimental cohort. 

Brain water content 

Brain edema was determined in aU mice by the wet-dry weight 
ratio method as described previously [2 7] . Briefly, mice (n = 4/ 
group) were sacrificed by decapitation 72 h post-ICH. The brains 
were removed immediately and cut from 1 mm anterior of 
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bregma to 3 mm posterior of bregma in the IVH group, from 
3 mm anterior of bregma to 2 mm posterior of bregma in the c- 
ICH group, or from 0.8 mm posterior of bregma to 4.0 mm 
posterior of bregma in the h-ICH group. In the IVH and c-ICH 
groups, the brains were dissected into five parts: ipsilateral and 
contralateral basal ganglia, ipsilateral and contralateral cortex, and 
cerebellum. In the h-ICH group, the brains were dissected into 
ipsilateral and contralateral hippocampus, ipsilateral and contra- 
lateral cortex, and cerebellum. In all groups, the cerebellum served 
as an internal control. Brain samples were weighed immediately 
on an analytical balance (Denver Instrument Co., Bohemia, NY) 
to obtain the wet weight and then dried at 100°C for 48 h to 
obtain the dry weight. Brain edema was expressed as (wet weight 
— dry weight)/wet weight of brain tissue x 100%. 

Immunofluorescence 

Immunofluorescence was carried out as described previously 
[27]. Sections (n = 5 mice/group) were incubated with rabbit anti- 
Iba 1 (microghal marker; 1:500; Wako Chemicals, Richmond, 
VA), rabbit anti-glial fibrillary acidic protein (GFAP, astrocyte 
marker; 1:.500; Dako, Carpinteria, CA), and rabbit anti-myelo- 
peroxidase (MPO, neutrophil marker; 1:500; Dako). Stained 
sections were examined with a fluorescence microscope (Eclipse 
TE2000-E, Nikon, Tokyo, Japan). We averaged the numbers of 
immunoreactive cells over a 40x microscopic field from 12 
randomly selected locations per mouse (4 fields per section x 3 
sections per mouse) in the periventricular brain region (IVH 
model) or in the perihematomal brain regions (c-ICH and h-ICH 
models). We express the results as positive cells per square 
miflimeter. Sections were analyzed by an investigator blinded to 
the experimental cohort. 

Histology 

Fluoro-Jade B (FJB) staining was used to quantify neuronal 
death (n = 4 mice/group) as described previously [27]. Stained 
brain sections were examined with a fluorescence microscope 
(Eclipse TE2000-E). The number of FJB-positive cells was 
averaged over a 20x microscopic field from 12 randomly selected 
locations per mouse (4 fields per section x 3 sections per mouse) in 
the p(Ti\ c'ntricular brain region (IVH model) or in the perihema- 
tomal brain regions (c-ICH and h-ICH models). We express the 
results as positive cells per square millimeter. Sections were 
analyzed by an investigator blinded to the experimental cohort. 

Behavioral tests 

Mice were housed in a temperature- and humidity-controUed 
room that was maintained on a 12-h light/dark cycle. AU 
behavioral tests were conducted during the light cycle phase in 
an enclosed behavior room. The same animals were used for 
testing motor, memory, and emotional behavior. All behavioral 
tests were evaluated and analyzed by an investigator blinded to the 
groups. 

Neurologic deficit score. We tested each mouse for 
neurologic deficits on days 1, 3, 7, 14, and 21 post-ICH. Using 
a modified protocol that we have published [28], we scored mice 
on six parameters, including body symmetry, gait, climbing, 
circling behavior, front limb symmetry, and compulsory circling. 
Each test was graded from 0 to 4, establishing a maximum deficit 
score of 24. 

Wire-hanging test. We used a previously pubhshed wire- 
hanging test with minor modification to evaluate grip strength, 
balance, and endurance in mice on days 1, 3, 7, 14, and 21 post- 
ICH [29,30]. An iron wire (1 mm in diameter, 55 cm long) was 
stretched horizontally between two posts, 50 cm above the 



ground. Mice were placed on the wire and had to suspend their 
body weight with their forelimbs. To prevent the mice from using 
an four paws, we gently covered their hind limbs with adhesive 

tape. A pillow was placed beneath the mice to prevent injury from 
falls. The time that the mouse was able to remain suspended was 
recorded. 

Tail suspension test (TST). The TST was performed in 
each mouse on day 2 1 post-ICH. According to methods described 

previously [31,32], mice were suspended by their tails at the edge 
of a shelf 55 cm above a desk. Adhesive tape (17 cm long) was 
used to stick the tail (approximately 1 cm from the tip) to the shelf 
A plastic tube (4 cm long, 1 cm in diameter, 1.5 g) around the tail 
prevented the mouse from climbing its tail. A camera recorded the 
movement of the mouse for 6 min, and the duration of mobility 
was recorded during this period. The immobility time was 
calculated by subtracting the total amount of mobility time from 
the 360 s of test time. Lack of escape-related behavior was 
considered immobility. Mice that hung passively and completely 
motionless were considered immobile. 

Forced swim test (FST). On day 22 post-ICH, each mouse 
underwent the FST based on an established protocol with minor 
modifications [33,34]. Mice were placed individually in cylindrical 
tanks (20 cm high, 22 cm in diameter) containing 10 cm of water 
at 24± 1°C. A camera recorded the movement of mice for 6 min. 
The immobility time was calculated by subtracting the total 
amount of mobility time during tlu; last 4 min from the 240 s of 
test time. The mouse was judged to be immobile when it ceased 
struggling and remained floating motionless in an upright position 
in the water, making only small movements to keep its head above 
the water [35]. 

Novel object recognition test. On day 21 post-ICH, we 
used an estabhshed protocol [36] to test each mouse in the novel 
object recognition test. On the first day, the mouse was placed in a 
cage (47x26x20 cm) and habituated to exploring an open field 
for 5 min. On the second day, two identical novel objects (green 
cubes, 4x4x3 cm) were placed in the arena, and the mouse was 
allowed to explore them for 10 min. After 1 h, the mouse was 
given one novel object (white ball, 5 cm in diameter) and one 
familiar one (green cube) and allowed to explore for 5 min. A 
camera recorded the behaviors displayed by each mouse during 
the test. We compared the total time spent exploring the new and 
old objects. Time spent exploring an object included time in direct 
contact and tim(; within the object area. The mouse was 
considered to be in the object area if its nose was directed at the 
object and less than approximately 2 cm from it. A discrimination 
index (total time spent with new object/total time devoted to 
exploration of objects) was calculated for each animal. 

Statistical analysis 

AU data are expressed as mean ± SD. Differences between two 
groups (sham vs. model group) were analyzed with independent 
sample t-tests. For behavioral tests, data at different time points for 
the same group were compared by one-way ANOVA followed by 
the Bonferroni post hoc test, and data for different groups at the 
same time point were compared by two-way ANOVA followed by 
the Bonferroni post hoc test. A p value <0.05 was considered 
statistically significant. 

Results 

The mortality of mice was 3 of 23 (13.0%) in the IVH group, 1 
of 19 (6.7%) in die c-ICH group, and 1 of 19 (6.7%) in the h-ICH 
group. No animals died in any of the sham groups (0 of 51). 
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Histologic morphology 

In the IVH group, accumulated blood was observed in both 
ventricles at 24 h (data not shown) and 72 h after infusion of 
autologous blood into the right ventricle. Additionally, Cresyl 
violet staining revealed enlargement of the ventricles 72 h after 
ICH (n = 5 mice/group, /)<0.01 vs. control; Fig. lA and IB). 
Although the degree of ventricular dilatation was greater on the 
side ipsUateral to infusion, the difference between the sides was not 
statistically significant (/)>0.05; Fig. IB). 

At 72 h after coUagenase injection, hematoma was present in 
the cortex in the c-ICH group and in the hippocampus in the h- 
ICH group (Fig IC and IE). Luxol fast blue/Cresyl violet staining 
revealed weU-defmed lesions and hemispheric enlargement in both 
groups. Quantification showed significantly larger injury volume 
and hemispheric enlargement in the c-ICH and h-ICH groups 
than in the respective sham groups (n = 5 mice/group, p<O.Ol; 
Fig. ID and IF). 

Brain water content 

Brain edema is an important clinical complication of ICH. 
Compared with that in sham groups, brain water content 
increased in the ipsUateral basal ganglia and cortex of the IVH 
group (n = 4 mice/ group, p<0.05; Fig. 2A), in the ipsUateral cortex 
of the c-ICH group (n = 4 mice/group, /)<0.01; Fig. 2B), and in 
the ipsUateral cortex and hippocampus of the h-ICH group (n = 4 
mice/group, /)<0.05; Fig. 2C). 

Neuroinflammation 

Early cellular inflammation contributes to secondary brain 
injury after ICH [4,5]. We used morphologic criteria and a cell 
body diameter cutoff of 7.5 |J.m to define microglial/macrophage 



activation [37]. We used GFAP immunofluorescence labeling to 
examine the reactivity of astrocytes and MPO immunofluores- 
cence labeling to examine the neutrophil infiltration [24]. At 72 h 
after ICH, activated microglia/macrophages (Fig. 3), reactive 
astrocytes (Fig. 4), and infiltrating neutrophils (Fig. 5) were evident 
in the brain regions around the lateral ventricles in the IVH mice 
and around the injury sites in the cortex and hippocampus in the 
c-ICH and h-ICH mice, respectively. Quantification analysis 
confirmed that significantly more activated microglia/ macrophag- 
es, reactive astrocytes, and infiltrating neutrophils were present in 
the brains of mice that underwent the ICH models than in those of 
sham mice (n = 5 mice/group, all p<Q.Ql; Fig. 3-5). 

Neuronal death 

FJB staining was used to detect neuronal degeneration. We 
observed more FJB-positive cells in the brain regions around the 
lateral ventricles of the IVH mice and around the injury sites in the 
cortex and hippocampus of the c-ICH and h-ICH mice, 
respectively, than in the corresponding sham groups (Fig. 6). 
Quantification analysis confirmed that significantly more FJB- 
positive cells were present in the brains of mice that underwent the 
ICH models than in those of sham mice (n = 4 mice/ group, aU p< 
0.01; Fig. 6). 

Changes in locomotor function 

Locomotor deficits were measured by a 24-point neurologic 
scoring system and the wire-hanging test on days 1, 3, 7, 14, and 
21 after ICH. At all time points after ICH, deficit scores were 
significandy higher in FVH mice than in sham mice, indicting 
marked locomotor deficits (n= 1 1 mice/group, F= 138.3, /)<0. 01; 
Fig. 7A). The mice gradually recovered from days 7 to 2 1 . In the 




Figure 1. Brain injuries produced by intraventricular hemorrliage (IVH), cortical intracerebral hemorrhage (c-ICH), and 
hippocampal ICH (h-ICH). (A) Photographs of frozen brain sections 72 h after Infusion of 25 |iL autologous whole blood Into the ventricle. 
Left: Accumulated blood can be seen In bilateral ventricles. Middle and right: Sections from sham (middle) and IVH mice (right) stained with Cresyl 
violet. (B) Quantification showed that both IpsUateral and contralateral ventricular volumes were greater In IVH mice than In sham mice (n = 5 mice 
per group). (C) Representative unstained brain sections and brain sections stained with Luxol fast blue/Cresyl violet obtained 72 h after sham 
procedure or c-ICH. Hematoma was present In the frontal cortex In the c-ICH group. (D) Quantification showed significantly larger Injury volume and 
hemispheric enlargement In the c-ICH group than In the sham group (n = 9 mice per group). (E) Representative unstained brain sections and brain 
sections stained with Luxol fast blue/Cresyl violet obtained 72 h after the sham procedure or h-ICH. Hematoma was present In the hippocampus In 
the h-ICH group. (F) Quantification showed significantly larger Injury volume and hemispheric enlargement In the h-ICH group than In the sham 
group (n = 5 mice per group). Scale bar=1 mm. Values are means ± SD; **p<0.01, t-test. 
dol:1 0.1 371 /journal.pone.0097423.g001 
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Figure 2. Brain edema is increased after intracerebral hemorrhage (ICH) in ventricle, cortex, and hippocampus. Three days after ICH, 
percentage brain water content was increased in the ipsilateral cortex and basal ganglia in the IVH group (n = 4 mice per group, A), in the ipsilateral 
cortex in the c-ICH group (n = 4 mice per group, B), and in the ipsilateral cortex and hippocampus in the h-ICH group (n = 4 mice per group, C). Cont- 
CX, contralateral cortex; Ipsi-CX, ipsilateral cortex; Cont-BG, contralateral basal ganglia; Ipsi-BG, ipsilateral basal ganglia; Cont-Hippo, contralateral 
hippocampus; Ipsi-Hippo, ipsilateral hippocampus; Cerebel, cerebellum. Values are means ± SD; *p<0.05, **p<0.01, t-test. 
doi:1 0.1 371/journal.pone.0097423.g002 
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Figure 3. Microglia/macrophage activation is elevated 72 h after intracerebral hemorrhage (ICH) in ventricle, cortex, and 
hippocampus. Staining for Ibal revealed activated microglia/macrophages in the brain regions around the lateral ventricles 72 h after 
intraventricular hemorrhage (IVH; A) and in the perihematomal regions of the frontal cortex (B) and hippocampus (C) 72 h after cerebral ICH (c-ICH) 
and hippocampal ICH (h-ICH), respectively. Quantification analysis showed that the number of activated microglia/macrophages in the IVH, c-ICH, 
and h-ICH groups was significantly greater than that in the respective sham groups (n = 5 mice per group). Scale bar = 10 |jm. Values are means ± 
SD; **p<0.01, t-test. 
doi:1 0.1 371/journal.pone.0097423.g003 
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Figure 4. Astrocyte activation is elevated 72 h after intracerebral hemorrhage (ICH) in ventricle, cortex, and hippocampus. Staining 
for GFAP revealed reactive astrocytes In the brain regions around the lateral ventricles 72 h after Intraventricular hemorrhage (IVH; A) and In the 
perlhematomal regions of the frontal cortex (B) and hippocampus (C) 72 h after cerebral ICH (c-ICH) and hippocampal ICH (h-ICH), respectively. 
Quantification analysis showed that the number of reactive astrocytes In the IVH, c-ICH, and h-ICH groups was significantly greater than that In the 
respective sham groups (n = 5 mice per group). Scale bar =10 |im. Values are means ± SD; **p<0.01, t-test. 
dol:1 0.1 371 /journal.pone.0097423.g004 



wire-hanging test, IVH mice demonstrated marked deficits in 
gripping and forelimb strength compared with those of sliam 
animals on days 1 and 3 post-ICH (n = 11 mice/ group, F = 27.72, 
/)<0.01; Fig. 7A). The mice exhibited some improvement on day 7 
and complete recovery on days 14 and 21 post-ICH. 

Mice in the c-ICH group had significantly higher neurologic 
deficit scores than did sham animals on days 1, 3, 7, and 14 post- 
ICH (n = 9 mice/group, F = 35.31, /)<0.05; Fig. 7B). Locomotor 
deficit peaked on day 3, gradually recovered from day 7 to day 14, 
and returned to baseline on day 21. The wire-hanging test 
demonstrated marked deficits in gripping and forelimb strength 
compared with those of sham animals on days 1, 3, and 7 post- 
ICH (n = 9 mice/group, F = 37.29, p<O.Ol; Fig. 7B). Mice had 
completely recovered from these deficits on days 14 and 21 post- 
ICH. 

Mice in the h-ICH group had significantly higher neurologic 
deficit scores than did sham animals on days 1 and 3 post-ICH 
(n = 9 mice/group, F = 6.911, p<0.05), but they recovered from 
day 7 to day 21. In the wire-hanging test, no difference was 
observed in gripping or forelimb strength between h-ICH mice 
and sham animals at any time point after ICH (n = 9 mice/ group, 
F= 1.803, aU p>0.05; Fig. 7C). 

Changes in emotion and memory function 

Immobility times in the FST and TST were longer for c-ICH 
mice than for sham mice (n = 9 mice/group, p<O.Ol; Fig. 8A). In 
the novel object recognition test, sham animals spent more time 
exploring the novel object than the familiar object (n = 9 mice/ 
group, ^<0.01; Fig. 8B), but the h-ICH mice spent similar 
amounts of time exploring the new and the previously seen object 



(/)>0.05). Additionally, the discrimination index was significantly 
smaller in the h-ICH group than in the sham group (n = 9 mice/ 
group, both p<OM; Fig. 8B). 

Discussion 

A good animal model that can mimic the natural events of 
human ICH should have high standards, high reproducibility, and 
high clinical relevance. To achieve these goals, we used autologous 
whole blood or coUagenase to establish IVH, c-ICH, and h-ICH 
models in mice. We validated and characterized these ICH models 
by histology, immunohistochemistry, and neurobehavioral tests. 
All three ICH models generated reproducible brain damage, brain 
edema, neuroinflammation, neuronal death, and consistent 
locomotor deficits. In addition, the c-ICH model produced 
emotional deficits and the h-ICH model produced cognitive 
deficits, closely mimicking the effects of human ICH in those brain 
regions. 

To our knowledge, we are the first to establish the IVH and h- 
ICH models in mice. We have made efforts to mimic clinical ICH 
and optimize the models for accuracy, stability, and efficiency. For 
the blood IVH model, we omit anticoagulant in blood collection to 
avoid potential interference with the coagulation system [38]. In 
addition, we collect the blood onto Parafilm laboratory film to 
prevent blood clotting and reduce the total time for establishing 
this model. Additionally, we use autologous blood rather than 
donor blood to reduce the possibility of donor-induced inflam- 
matory reaction and induction of the complement system [39]. In 
preliminary tests, we infused a variety of blood volumes (10, 25, 
and 40 |J,L). The 10-|iL volume did not produce a large enough 
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Sham h-ICH 



Figure 5. Neutrophil infiltration is elevated 72 h after intracerebral hemorrhage (ICH) in ventricle, cortex, and hippocampus. 

Staining for myeloperoxidase (MPO) revealed neutrophil infiltration in the brain regions around the lateral ventricles 72 h after intraventricular 
hemorrhage (IVH; A) and in the perihematomal regions of the frontal cortex (B) and hippocampus (C) 72 h after cerebral ICH (c-ICH) and hippocampal 
ICH (h-ICH), respectively. Quantification analysis showed that the number of MPO-positive cells in the IVH, c-ICH, and h-ICH groups was significantly 
greater than that in the respective sham groups (n = 5 mice per group). Scale bar = 10 |im. Values are means ± SD; **p<0.01, t-test. 
doi:1 0.1 371 /journal.pone.0097423.g005 




Figure 6. Neuronal degeneration is observed 72 h after intracerebral hemorrhage (ICH) in ventricle, cortex, and hippocampus. 

Fluoro-Jade B (FJB) staining was used to detect neuronal degeneration. FJB-positive cells were increased in the brain regions around the lateral 
ventricles 72 h after intraventricular hemorrhage (IVH; A) and in the perihematomal regions of the frontal cortex (B) and hippocampus (C) 72 h after 
cerebral ICH (c-ICH) and hippocampal ICH (h-ICH), respectively. Quantification analysis showed that the number of FJB-positive cells in the IVH, c-ICH, 
and h-ICH groups was significantly greater than that in the respective sham groups (n =4 mice per group). Scale bar = 20 |im. Values are means ± 
SD; **p<0.01, t-test. 
doi:1 0.1 371/journal.pone.0097423.g006 
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Figure 7. Changes in locomotor function after intracerebral hemorrhage (ICIH) in ventricle, cortex, and hippocampus. Locomotor 
deficits were measured by a 24-point scoring system, In which higher scores indicate greater deficit, and by the wire-hanging test, which measures 
gripping and forelimb strength. (A) Mice in the IVH group had significantly greater motor deficit than did mice in the sham group at all time points 
after IVH (n = 1 1 mice per group, F= 138.3, all p<0.01) and showed gradual recovery from day 7 to day 21 post-ICH. Gripping and forelimb strength 
were significantly impaired in the IVH mice on days 1 and 3 after IVH (n = 1 1 mice per group, F = 27.72, both p<0.01). (B) IVlice in the c-ICH group had 
significantly greater motor deficit than did mice in the sham group on days 1, 3, 7, and 14 after c-ICH (n = 9 mice per group, F = 35.31, p<0.05). 
Gripping and forelimb strength were significantly impaired in the c-ICH mice on days 1, 3, and 7 after c-ICH (n = 9 mice per group, F= 37.29, p<0.01). 
(C) Mice in the h-ICH group had significantly greater motor deficit than did mice in the sham group on days 1 and 3 post-ICH (n = 9 mice per group, 
F = 6.91 1, p<0.01 [day 1] and p<0.05 [day 3]). Gripping and forelimb strength were not significantly different between the h-ICH and sham groups at 
any time point studied (n = 9 mice per group, F= 1.803, all p>0.05). Values are means ± SD; *p<0.05, **p<0.01 vs. sham group; **p<0.01 vs. IVH, c- 
ICH, and h-ICH group on day 1; one-way or two-way ANOVA followed by the Bonferroni post hoc test. 
doi:1 0.1 371 /journal.pone.0097423.g007 



intraventricular hematoma, and 40 |J-L cau.sed high mortality. The 
25-|lL infiision was able to cause sufficient blood accumulation 
and ventricular enlargement without high mortality. To ensure 
that the blood is infused into ventricle only, we recommend 
repeatedly checking the coordinates of the bregma, lambda, and 
entry point and ensuring that the mouse's head is exacdy 
horizontal. If the needle is correctly positioned in the ventricle, 



there should be no blood backflow along the needle track. Blood 
accumulation in and enlargement of the bilateral ventricles on 
days 1 and 3 post-ICH confirmed successful establishment of the 
IVH model. Both 24-point neurologic deficit scoring and the wire- 
hanging test demonstrated marked and reliable locomotor deficits 
at early time points (days 1 and 3) and gradual recovery at later 
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Figure 8. Changes in emotion and memory function after intracerebral hemorrKiage (ICIH) in cortex and hippocampus. (A) The 

immobility times in the tail suspension test and in the forced swim test were longer for mice subjected to cortical ICH than for sham-operated control 
mice (n = 9, p<0.01). (B) In the novel object recognition test, sham-operated mice spent more time exploring the novel object than the old object 
(n = 9 mice per group, p<0.01), but mice subjected to h-ICH spent a similar amount of time exploring the new and old objects (n = 9 mice per group, 
p>0.05). Additionally, the discrimination index in the h-ICH group was significantly smaller than that in the sham group (n = 9 mice per group, p< 
0.01). Values are means ± SD; **p<0.01, t-test. 
doi:1 0.1 371 /journal.pone.0097423.g008 



time points (days 7-21), .suggesting that functional deficits and 
recovery also occurred in the IVH model. 

For the coUagenase-induced ICH models (c-ICH and h-ICH), 
we injected coUagenase into two sites of the right frontal cortex to 
cause an expanded injury (primary motor and somatosensory area 
and secondary motor area) as described in a published protocol 
[21]. We used coUagenase VII-S rather than coUagenase IV 
because the latter contains nonspecific proteases that may cause 
unexpected brain damage. We chose a smaU volume of 
coUagenase to restrict hematoma formation to the desired brain 
regions and to prevent backflow along the needle track, a common 
problem in most blood ICH models. In preliminary studies, we 
injected doses of coUagenase (150 U/mL) into the right frontal 
cortex that ranged from 0.3 to 0.6 |a,L/ site. However, only the 0.4- 
[iL dose caused a controUable and reproducible hematoma, 
neither too small in the cortex nor too big beyond the cortex. For 
the h-ICH model, we injected 0.2 [lL of coUagenase into the right 
hippocampus accorcUng to the pubhshed coordinates [25]. In 
preliminary experiments, we tried injections of 0.3 |J,L and 0.1 |J,L 
coUagenase (150 U/ml). However, the hematoma produced by 
0.3 |iL coUagenase expanded out of the hippocampus, and the 
hematoma produced by 0.1 |a.L coUagenase produced little 
damage. 

Experimental evidence supports the premise that activated 
microglia/macrophages, reactive astrocytes, and infiltrating neu- 
trophils could be major sources of proinflammatory mediators that 
contribute to secondary brain injury after ICH [4,5]. Consistent 



with this notion, we previously reported that inhibition of 
microglial activation before or early after ICH decreases neuronal 
death and brain injury and improves functional outcome [14,40]. 
Others have reported that neutrophil depletion reduces blood- 
brain barrier disruption, axon injury, and inflammation after ICH 
[41]. Reactive astrocytes may play diverse roles after brain injury 
such as regulating matrix metalloproteinase expression and 
activity, promoting the secretion of neurotrophic factors, and 
modulating microglial reactive oxygen species production [4,5] . In 
this study, we showed for the first time that activated microglia/ 
macrophages, reactive astrocytes, and infUtrating neutrophils 
accumulate around the ventricles in the IVH model and in the 
perUiematomal regions in the c-ICH and h-ICH models 72 h after 
ICH, suggesting that ceUular inflammation also contributes to 
secondary brain injury in these models. 

The cortex contains primary motor and somatosensory areas 
and the secondary motor area. It has been shown that cortical 
injury induced by brain trauma causes motor and emotional 
deficits and that the emotional effects are not dependent on injury 
severity [42] . Our tests of locomotor function confirmed marked 
locomotor deficits early after c-ICH followed by gradual recovery. 
Moreover, the increase in immobUity time of mice in the TST and 
FST indicates that the c-ICH model produced depression-like 
behavior. The fully recovered motor function at day 21 in this 
model suggests that the depression-like behavior was not caused by 
motor deficits. The TST and FST are weU-established tests used to 
evaluate depression-like behavior in mice [32,34,43], but they 
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have not been applied to ICH models. Our results demonstrate 
that these tests can be used to study emotional deficits after ICH. 

The hippocampus plays an important role in the formation of 
new memories, and the novel object recognition task is used to 
evaluate recognition memory in rodents [36,44]. In the h-ICH 
model, we found that mice had marked locomotor deficits at days 
1 and 3 after ICH based on the neurologic score testing, but no 
deficits in the wire-hanging test, suggesting that, while h-ICH 
causes general locomotor deficits early, it does not cause deficits in 
gripping and forelimb strength, or at least not deficits severe 
enough to be detected. In contrast, mice that underwent h-ICH 
did exhibit impaired memory in the novel object recognition test, 
confirming damage to hippocampal memory formation. The 
deficits in the novel recognition test were not associated with 
motor function deficits because the test was conducted on day 21 
after h-ICH, when motor function had recovered to baseline. 

Our study does have some limitations. First, the aged 
population is most vulnerable to ICH, and aging exacerbates 
ICH-induced brain damage and functional deficits [11,12]. 
Therefore, we need to establish ICH models in aged animals to 
increase clinical relevance. Second, we used a limited number of 
behavioral tests. Additional cognitive tests, such as the Morris 
water maze, and emotional tests, such as the sucrose preference 
test, should be assessed in our established ICH models. Third, we 
used coUagenase in this study to induce ICH in the cortex and 
hippocampus and blood infusion to induce IVH. Although 
coUagenase-induced ICH was previously thought to initiate 
greater neuroinflammation than blood-induced ICH [4,12], in 
vitro and in vi\ o studies have argued against this notion. In vitro 
studies have shown that coUagenase alone does not activate 
microgha [14], increase prostaglandin E2 production [45], or 
induce neuronal death [46] . Similarly, in vivo studies have shown 
that inflammation is more exaggerated in the blood ICH model 
than in the coUagenase ICH model as a result of hemoglobin 

References 

1. Donnan GA FM, Macleod M, Davis SM (2008) Stroke. Lancet 371: 1612-1623. 

2. van Asch CJ LM, Rinkel GJ, van der Tweel I, Algra A, Klijn GJ (2010) 
Incidence, case fatality, and functional outcome of intracerebral haemorrhage 
over time, according to age, sex, and ethnic origin: a systematic review and 
meta-analysis. Lancet Neurol 9: 167- 176. 

3. Xi G, Keep RF, HoffJT (2006) Mechanisms of brain injury after intracerebral 
haemorrhage. Lancet Neurol ,^: ,'i3-63. 

4. Wang J (2010) Preclinical and clinical research on inflammation after 
intracerebral hemorrhage. Prog Neurobiol 92: 463-477. 

5. Wang J, Dorc S (2007) Inflammation after intracerebral hemorrhage. J Cereb 
Blood Row Metab 27: 894-908. 

6. Keep RP, Hua Y, Xi G (20 1 2) Intracerebral haemorrhage: mechanisms of injury 
and therapeutic targets. Lancet Neurol 11: 720—731. 

7. AronowskiJ, Zhao X (201 1) Molecular pathophysiology of cerebral hemorrhage: 
secondary brain injury. Stroke 42: 1781-1786. 

8. Lan X, Liu R, Sun L, Zhang T, Du G (2011) Mediyl salicylate 2-O-beta-D- 
lactoside, a novel salicylic acid analogue, acts as an anti-inflammator)' agent on 
microglia and astrocytes. J Neuroinflammation 8: 98. 

9. van Rossum D, Hanisch UK (2004) Microglia. Metab Brain Dis 19: 393-411. 

10. Krafft PR, Bailey EL, Lekic T, RoUand WB, Altay O, et al. (2012) Etiology of 
stroke and choice of models. IntJ Stroke 7: 398-406. 

11. MacLellan CL, Pac^uette R, Colbourne ¥ (2012) A critical appraisal of 
experimental intracerebral hemorrhage research. J Gcrcb Blood Flow Metab 
32: 612-627. 

12. Kirkman MA, Allan SM, Parry-Jones AR (2011) Experimental intracerebral 
hemorrhage: avoiding pitfalls in translational research. J Cereb Blood Flow 
Metab 31: 2135-2151. 

13. Rosenberg GA, Mun-Bry-ee S, Wesley M, Kornfeld M (1990) GoUagcnase- 
indueed intracerebral hemorrhage in rats. Stroke 21: 801 807. 

14. Wang J, Rogove AD, Tsirka AE, Tsirka SE (2003) Protective role of tuftsin 
fragment 1—3 in an animal model of intracerebral hemorrhage. Ann Neurol 54: 

65,")-664. 

l.'i. Wang J, Fields J, Dore S (2008) Fhe development of an improved preclinical 
mouse model of intracerebral hemorrhage using double inftision of autologous 
whole blood. Brain Res 1222: 214-221. 



crystaUization [47] and that the blood ICH model induces more 
pronounced alterations in inflammatory cytokine markers, despite 
equal ICH volumes [48] . Lastly, although rodents are used most 
often to study ICH, they are fundamentally different from humans 
in that they have less white matter and a lower glia-to-neuron ratio 
[4]. 

In conclusion, we have established and validated the IVH, c- 
ICH, and h-ICH models in mice. These three models wUl be of 
interest to neurologists and other scientists who conduct basic and 
translational stroke research because they closely mimic human 
ICH pathology by generating reproducible ventricular enlarge- 
ment; hematoma volume; brain edema; neuroinflammation; 
neuronal death; and motor, emotional, and cognitive deficits. 
These mouse ICH models can be applied to investigate the 
pathophysiology of ICH and evaluate new therapeutic strategies 
for ICH. 

Supporting Information 

Text SI Supporting text. 

(DOC) 

Acicnowledgments 

We thank Weizhu Tang for help with brain slicing and Mike Musteric and 
Stephanie Chew for help with blind analysis of histology, immunofluores- 
cence, and behavioral tests. We thank Claire Levine, MS, ELS, for 
assistance with manuscript preparation and Raymond Koehler, PhD, and 
the Wang lab team members for insightful input. 

Author Contributions 

Conceived and designed the experiments: WZ JW. Performed the 
experiments: WZ YG CFC JRW. Analyzed the data: WZ YG JRW. 
Contributed reagents/ materials/ analysis tools: SSZ. Wrote the paper: WZ 
CFCJW. 



16. Rynkowski MA, Kim GH, Komotar RJ, Often ML, Ducruet AT, et al. (2008) A 
mouse model of intracerebral hemorrhage using autologous blood infusion. Nat 
Protoc 3: 122-128. 

17. Broadbent NJS, Larry R., Clark RE (2004) Spatial memory, recognition 
memory, and the hippocampus. PNAS 101: 1451, "1-14520. 

18. Chen Z, Gao C, Hua Y, Keep RF, Muraszko K, et al. (201 1) Role of iron in 
brain injury after intraventricular hemorrhage. Stroke 42: 465-470. 

19. Lodhia KR, Shakui P, Keep RF (2006) Hydrocephalus in a rat model of 
intraventricular hemorrhage. Acta Neurochir Suppl 96: 207—211. 

20. Song S, Hua Y, Keep RF, He Y, Wang J, et al. (2008) Deferoxamine reduces 
brain swelling in a rat model of hippocampal intracerebral hemorrhage. Acta 
Neurochir Suppl 105: 13-18. 

21. Masuda T, Maki M, Kara K, Yasuhara T, Matsukawa N, et al. (2010) Peri- 
hemorrhagic degeneration accompanies stereotaxic collagenase-mediated corti- 
cal hemorrhage in mouse. Brain Res 1355: 228-239. 

22. Wang J, Fields J, Zhao C, Langer J, I'himmulappa RK, et al. (2007) Role of 
Nrf2 in protection against intracerebral hemorrhage injury in mice. Vrcc Radio 
Biol Med 43: 408-414. 

23. Wu H, Wu T, Li M, Wang J (2012) Efficacy of the lipid-soluble iron chelator 
2,2'-dipyridyl against hemorrhagic brain injury. Neurobiol Dis 45: 388—394. 

24. Wang J, Dore S (2007) Heme oxygcnase-1 exacerbates early brain injury after 
intracerebral haemorrhage. Brain 130: 1643—1652. 

25. Rogove AD, Lu W, L^sirka SE (2002) Microglial activation and recruitment, but 
not proliferation, suffice to mediate neurodegencration. Cell Death Dilfer 9: 
801-806. 

26. Feron F, Burne THJ, Brown J, Smith E, McGrath JJ, et al. (2005) 
Developmental Vitamin D3 deficiency alters the adult rat brain. Brain Res 
Bull 65: 141-148. 

27. Wang J, Tsirka SE (2005) Neuroprotection by inhibition of matrix metallopro- 
teinases in a mouse model of intracerebral haemorrhage. Brain 128: 1622-1633. 

28. Wang J, Zhuang H, Dore S (2006) Heme oxygenase 2 is neuroprotective against 
intracerebral hemorrhage. Neurobiol Dis 22: 473^76. 

29. Gertz K, Priller J, Kronenberg G, Fink KB, Winter B, et al. (2006) Physical 
activity improves long-term stroke outcome via endothelial nitric oxide synthase- 
dependent augmentation of neovascularization and cerebral blood How. Circ 
Res 99: 1132-1140. 



PLOS ONE I www.plosone.org 



10 



May 2014 I Volume 9 | Issue 5 | e97423 



Protocols for Mouse ICH Models 



30. Hattori K, Lcc H, Hurn PD, Grain BJ, Traystman RJ, ct al. (2000) Cognitive 
deficits after focal cerebral ischemia in mice. Stroke 31: 1939—1944. 

31. Bai F, Li X, Clay M, Lindstrom T, Skolnick P (2001) Intra- and interstrain 
differences in models of "behavioral despair". Pharmacol Biochem Behav 70: 
187-192. 

32. Can A, Dao DT, Terrillion CE, Piantadosi SC, Bhat S, et al. (2012) The tail 

snsprnsion test. J Vis Exp: c3769. 

33. Crr\'o L, Chmcila A, (."".alcagno E, Burbassi S, Sacchclii Ci, c\ al. (2005) 
Cirnotypc-dcpcndcnt activity of tryptophan hydroxylasc-2 determines the 
response to citaloprEim in a mouse model of depression. J Neurosci 25: 8165— 
8172. 

34. Can A, Dao DT, Arad M, Terrillion CE, Piantadosi SC, et al. (20 1 2) The mouse 
forced swim test. J Vis Exp: e3638. 

35. Renard CE, Dailly E, Nic Dhonnchadha BA, Haseoet M, Bourin M (2004) Is 
dopamine a limiting factor of the antidepressant-hke effect in the mouse forced 
swimming test? Prog Neuropsvehopharmacol Biol Psychiatry 28: 1255-1259. 

36. Bevins RA, Besheer J (2006) Object recognition in rats and mice: a one-trial non- 
matching- to-sample learning task to study 'recognition memory". Nat Protoc 1: 
1306-1311. 

37. Wu H, Wu T, Xu X, Wang J, Wang J (2010) Iron toxicity m mice with 
coUagenase-induced intracerebral hemorrhage. J Cereb Blood Flow Metab 31; 
1243-1250. 

38. Xi G, Wagner KR, Keep RF, Hua Y, de Courten-Myers GM, et al. (1998) Role 
of blood clot formation on early edema development after experimental 
intracerebral hemorrhage. Stroke 29: 2580-2586. 

39. Xi G, fiua Y, Keep K¥, Younger JCi, HoffJT (2001) Systemic complement 
depletion diminishes perihematomal brain edema in rats. Stroke 32: 162—167. 



40. WangJ, Tsirka SE (2005) Tuftsin fragment 1-3 is beneficial when delivered after 
the induction of intracerebral hemorrhage. Stroke 36: 613—618. 

41. Moxon-Emre I, SchHchter EC (201 1) Neutrophil depletion reduces blood-brain 
baurier breakdown, axon injury, and inflammation after intracerebral hemor- 
rhage. J Neuropathol Exp Neurol 70: 218-235. 

42. Washington PM, Forcelli PA, Wilkins T, Zapple DN, Parsadanian M, et al. 
(20 1 2) The effect of injury severity' on behavior: a phenotypic study of cognitive 
and emotional deliriis after mild, moderate, and severe controlled cortical 
impact injury in mice. J Neurotrauma 29: 2283 2296. 

43. Lockridge A, Newlanda B, Printena S, Romeroa GE, Yuan 1_,L (2013) Head 
movement: A novel serotonin-sensitive behavioral cndpoint for tail suspension 
test analysis. Behav Brain Res 246 168-178. 

44. Cohen SJ, Munchow AH, Rios LM, Zhang G, Asgeirsdottir HN, et al. (2013) 
The rodent hippocampus is essential for nonspatial object memory. Curr Biol 
23: 1685-1690. 

45. Chu K, Jeong SW, Jung KH, Han SY, Eee ST, et al. (2004) Celecoxib induces 
functional recovery after intracerebral hemorrhage with reduction of brain 
edema and perihematomal cell death. J Cereb Blood Flow Metab 24: 926-933. 

46. Matsushita K, Meng W, Wang X, Asahi M, Asahi K, et al. (2000) Evidence for 
apoptosis after intercerebral hemorrhage in rat striatum. J Ccrcb Blood How 
Metab 20: 396-404. 

47. Kleinig TJ, Helps SC, Ghabriel MN, Manavis J, Leigh C, et al. (2009) 
Hemoglobin crystals: a pro-inflammatory potential confounder of rat experi- 
mental intracerebral hemorrhage. Brain Res 1287: 164-172. 

48. Eiesz A, Middelhoff M, Zhou W, Karcher S, lUanes S, et al. (201 1) Comparison 
of humoral neuroinflammation and adhesion molecule expression in two models 
of experimental intracerebral hemorrhage. Exp Transl Stroke Med 3: 11. 



PLOS ONE I www.plosone.org 



11 



May 2014 I Volume 9 | Issue 5 | e97423 



